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ABSTRACT 

Further imaging observations of a sample of radio sources in the North Ecliptic Cap 
are presented and a number of new identifications are made. Using redshifts from spec- 
troscopic data presented in a companion paper (Lacy et al. 1999b), the photometric 
properties of the galaxies in the sample are discussed. It is shown that: (1) out to at 
least z w 0.6 radio galaxies are good standard candles irrespective of radio luminosity; 
(2) for 0.6 < z < 1 a large fraction of the sample have magnitudes and colours consis- 
tent with a non-evolving giant elliptical, and (3) at higher redshifts, where the i?-band 
samples the rest-frame UV flux, most objects have less UV luminosity than expected 
if they form their stellar populations at a constant rate from a high redshift to z ~ 1 
in unobscured star-forming regions (assuming an Einstein - de Sitter cosmology) . The 
consequences of these observations are briefly discussed. 
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1 INTRODUCTION 

Radio galaxies are at present the only high redshift galaxies 
which are not explicitly selected on the basis of high star 
formation rates, but which can nevertheless be found in rea- 
sonably large numbers. This makes them potentially very 
valuable for understanding the evolution of massive galaxies 
at early times. Unfortunately, the strong correlation of the 
radio and UV emission in the most radio-luminous galax- 
ies (the "alignment effect"; see, e.g., Best et al. 1997 and 
Ridgway & Stockton 1997) indicates that their photomet- 
ric properties are probably dominated by the presence of an 
AGN, at least at rest wavelengths < 4000 A, a deduction 
which was confirmed by spectroscopically for most z ~ 1 
3C radio galaxies by Hammer, LeFevre & Angonin (1993). 
This makes defining and studying samples of radio sources 
selected at fainter flux density levels important, as, due to 
the correlation of radio luminosity with the optical/UV lu- 
minosity of the AGN (e.g. Willott et al. 1999), such objects 
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should have only a very small fraction of their light produced 
by the AGN. 

In two previous papers (Lacy, Rawlings & Warner 1992; 
Lacy et al. 1993; hereafter Papers I and II), we defined and 
presented radio and optical imaging data for a sample of ra- 
dio sources selected from the 38-MHz survey of Rees (1990) 
in the region of the North Ecliptic Cap (NEC). In a com- 
panion paper (Lacy et al. 1999b; hereafter Paper IV) we 
present optical spectroscopy of this sample, along with that 
of a sample selected at 151MHz with a comparable flux limit 
and in the same region of sky (the 7C-III sample, Lacy et 
al. 1999c) and which therefore has most objects in common 
with this sample. 

We have already discussed the outcome of high- 
resolution optical observations of a 0.5 < z < 0.82 sub- 
sample of objects from the 7C-III sample which show that 
the radio - optical "alignment effect" in the 7C-III sample is 
weak, but probably present, even at wavelengths longward 
of 4000A (Lacy et al. 1999a). Thus is it possible that even in 
these radio-faint (~ 20-times fainter than 3C) samples, the 
radio source is influencing the properties of the host galaxy. 
As we discuss there, however, the scale of the alignments 
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does seem to change with radio luminosity, in the sense that 
the alignments of the 7C-III radio galaxies are detectable 
only on small scales (in ~ 15 kpc radius apertures) , whereas 
the 3C radio galaxies have equally strong alignments at 15 
kpc and 50 kpc. This could be because the highly radio- 
luminosity dependent mechanisms such as scattering of the 
hidden quasar nucleus and nebular emission disappear in the 
7C-III objects, leaving a less luminosity-dependent mecha- 
nism which only operates on small scales. Relatively "pas- 
sive" mechanisms may be responsible for these alignments, 
for example dust disks with axes along the radio axis and/or 
selection effects. If this were the case the photometric prop- 
erties of the underlying galaxy would be unaffected by the 
presence of the radio source. However, it is possible that 
jet-induced star formation is only weakly radio-luminosity 
dependent, and if this mechanism operates then it would im- 
ply an intimate connection between the presence of the radio 
source and the stellar population of the host. The observa- 
tional evidence for this mechanism is as yet only circumstan- 
tial however, and it is not clear whether such a mechanism 
could be effective (Icke 1999). 

In this paper we discuss further optical, radio and near- 
infrared observations of the 8C sample, and use the spec- 
troscopy presented in Paper IV to discuss the photometric 
properties and evolution of the radio source hosts. Unless 
otherwise stated we assume an Qm = 1, STa = (Einstein - 
de Sitter) cosmology with Ho = 50kms _1 Mpc _1 . 



2 OBSERVATIONS 

Radio snapshot observations of two of the sources in the 
sample, 8C1804+632 and 8C1826+660 were made with the 
VLA in C-array at 1.4 GHz on 1993 June 28 to attempt to re- 
solve ambiguities of identification in Paper II. 8C1742+637 
was observed in A-array at 1.4 GHz on 1995 June 29 for 
2 x 2min snapshots. These data were calibrated and anal- 
ysed in the standard manner and the maps are presented in 
Fig. 1. In addition a four minute 8GHz A-array observation 
of 8C 1826+651 was made on 1996 December 31 to attempt 
to identify a central component. A 0.6 mjy point source was 
detected at 18 26 31.41 +65 10 46.0 (B1950), this is consis- 
tent with the identification in Paper II and corresponds to 
optical/infrared component 'b' of Fig. 2 being the probable 
radio source host (see also Lacy et al. 1998a). 

Observations of several sources were made in the near- 
infared //-band with ROKAM, a near-infrared camera with 
a 256 x 256 HgCdTe array, during 1993 May and June. RO- 
CAM was placed at the f/18 straight Cass focus of the Mc- 
Donald 2.7-m telescope, giving a pixel scale of 0.40 arcsec 
pixel -1 . Objects with estimated redshifts « 1 in Paper II 
were the primary targets, though some lower redshift ob- 
jects were also observed when the seeing was very poor. The 
observations are detailed in Table 1, and the photometry 
in Table 4. Greyscales of selected images are presented in 
Fig. 2. The observations were calibrated using the infrared 
standard stars HD136754 and HD162208 (Elias et al. 1982). 
Extinction was determined to be 0.15 x airmass and a cor- 
rection of 0.05 magnitudes was made for galactic extinction, 
assuming E(B - V) = 0.085 (Kolman et al. 1991) and the 
extinction curve of Cardelli, Clayton & Mathis (1992). 

Further R and /-band observations of the unidentified 



Table 1. //-band observations 



Source 
8C1743+645 


Date 

07/05/93 
12/06/93 


Exposure time 

h 

2970 
2970 


airmass 

1.22 
1.22 


Seeing 
/ arcsec 

2.8 

1.9 


8C1745+642 


06/05/93 
13/06/93 


1890 
1620 


1.20 
1.20 


1.6 
1.5 


8C1748+675 


07/05/93 


2160 


1.32 


2.4 


8C1755+632 


07/05/93 


1890 


2.0 


2.7 


8C1755+685B 


07/05/93 


1620 


1.6 


1.8 


8C1757+653 


09/05/93 


1890 


1.32 


3.0 


8C1803+661 


08/05/93 
12/06/93 


1800 
5490 


1.28 
1.24 


2.0 
1.6 


8C1805+635 


11/06/93 


3780 


1.25 


1.6 


8C1807+685 


07/05/93 


2700 


1.29 


2.6 


8C1811+633 


08/05/93 


2520 


2.0 


2.3 


8C1815+682 


09/05/93 
12/06/93 
13/06/93 


1350 
3240 
810 


1.27 

1.4 

1.36 


2.0 
1.7 
1.5 


8C1816+671 


09/05/93 


2610 


1.28 


2.3 


8C1821+643 


08/05/93 


1080 


1.4 


3.2 


8C1823+660 


08/05/93 


1980 


1.6 


3.5 


8C1826+651 


06/05/93 


1620 


1.22 


1.6 


8C1827+671 


11/06/93 
13/06/93 


1080 
5670 


1.4 
1.25 


1.5 
1.4 



sources in the sample were made on the McDonald 2.7-m us- 
ing IGI (see Paper II) and on the William Herschel Telescope 
on La Palma using the Auxilliary Port. Details of these ob- 
servations are given in Table 2. The extinction assumed at 
the WHT in July was 0.15 x airmass in R, with a galactic ex- 
tinction of 0.19 and the data were calibrated in the standard 
star PG 2331+055. In /-band, an extinction of 0.02 x airmass 
was assumed for the observations made in 1994 January, and 
0.05 x airmass in 1994 July (higher due to Saharan dust). 
A value of 0.07 x airmass was assumed for the McDonald 
observations. Galactic extinction in /-band was estimated 
to be 0.13 mag using the extinction curve of Cardelli et al. 
(1992). 



3 ADDITIONS TO THE SAMPLE 

Careful study of a 7C survey of the NEC (Lacy et al. 1995a) 
revealed four objects which, although absent from the orig- 
inal sample of Paper I due to confusion, should probably be 
included in the complete sample. Two of these remain ex- 
cluded due to radio or optical confusion as discussed below. 
A full description of the objects including further radio maps 
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Table 2. Further optical observations 





Telescope j i nst runic tit 


Filter 


Date 


Exposure time 


cLirillcLSS 


seeing 










/s 




/ Oil LBCL 


8C 1743+645 


McDonald 2.7-m/IGI 


R 


21/5/93 


1200 


1.20 


2.0 


8C 1748+670 


WHT/Aux Port (TEK) 


Ft 


31/7/95 


600 


1.8 


0.8 


8C 1753+664 


WHT/Aux Port (TEK) 


I 


25/1/95 


900 


1.7 


0.8 


8C 1754+643 


WHT/Aux Port (TEK) 


I 


26/1/95 


900 


1.6 


2.0 


8C 1757+653 


McDonald 2.7-m/IGI 


I 


21/5/93 


3300 


1.7 


1.9 


8C 1757+653 


WHT/Aux Port (TEK) 


I 


25/1/95 


600 


1.6 


0.8 


8C 1814+670 


WHT/Aux Port (TEK) 


I 


25/1/95 


900 


1.7 


1.0 


8C 1816+671 


McDonald 2.7-m/IGI 


I 


21/5/93 


2400 


1.6 


1.5 


8C 1826+660A 


WHT/Aux Port (TEK) 


R 


30/7/95 


900 


1.8 


0.8 



Table 3. Additions to and new identifications for objects in the 8C sample 



Name 


R.A. (1950) 


Dec. 


(1950) 


i?-magnitudc 


Type 


Notes 


8C1732+672 










? 


Addition, but badly confused in radio so excluded from complete sample 


8C1733+673 


17 32 59.81 


+67 


19 32.3 


22.6 


G 


Addition, ij-magnitudc from spectrum 


8C1736+650 


17 36 26.61 


+65 


04 10.7 


23.0 


G 


Misidcntification in Paper II, position uncertain, R from spectrum 


8C1742+637 


17 42 43.39 


+63 


46 11.8 


22.6 


G 


Addition, identification assumed to be 'a' in Fig. 3 


8C 1743+645 


17 43 28.55 


+64 


31 30.7 


23.3 


G 


Misidcntification in Paper II 


8C 1748+670 


17 48 12.90 


+67 


03 54.2 


23.9 


G 


Misidcntification in Paper II ? 


8C1754+643 


17 54 11.89 


+64 


20 36.5 


>23.1 


G 


Misidcntification in Paper II. J =21.1 


8C1804+632 


18 04 49.37 


+63 


13 07.9 


~ 23 


G 


New identification; see Section 4 


8C1805+635 


18 05 37.33 


+63 


32 47.8 


>23.7 


G 


Misidcntification in Paper II 


8C1814+670 


18 14 16.09 


+67 


02 44.5 


>22.9 


G 


New identification (/ = 23.4) 


8C1816+671 


18 16 30.40 


+67 


11 00.2 


>23.8 


G 


New identification (/ = 22.4) 


8C1826+660A 


18 25 47.54 


+66 


02 24.0 


23.8 


G 


New identification; note the finding chart in Paper II is incorrect 


8C1827+652 


18 27 59.13 


+65 


17 49.4 




G? 


Addition, but near bright stars so excluded from complete sample 



Notes: This Table supplements table 2 of Paper II. Positions are the positions of the optical identifications (except for 8C1827+652 
where it is the radio central component) and should be accurate to ^$ 1.5 arcsec, except for 8C1736+650 whose identification is roughly 
at the mid-point of the radio hotspots, but is only seen in our spectrum and so the uncertainty is larger. Magnitudes are measured in 
the standard metric aperture of 63.9 kpc, if no redshift is known z = 1 is assumed. 



and finding charts will be presented in Lacy et al. 1999c, but 
is summarised here and in Table 3 for completeness: 

8C 1732+672 (7C 1742+6715) 

The 1.5 GHz VLA map of this source is very confused, and 
so it has been temporarily removed from the sample again 
pending improved radio data. 

8C 1733+673 (7C 1733+6719) 

This is a small (2.5 ) apparently double radio source, PA 
15°. It is identified with an R w 22.6 galaxy (measured from 
the optical spectrum and corrected to the standard metric 
aperture) . 

8C 1742+637 (7C 1742+6346) 

An FRII radio source with a marginal detection of a possible 
central component at 17 42 44.36 +63 46 15.0 (B1950) which 
is 51 in size (Fig. 1). The position of the nearest likely 
optical identification, ringed in Fig. 3, is given in Table 3. It 
lies along the radio axis, but not coincident with the putative 
central component, and has an /^-magnitude of 22.6 in the 
standard metric aperture. Both the hotspots are projected 
close to what are probably foreground galaxies (the source 
lies 4.5 arcmin from the cluster Abell 2280) so significant 
gravitational lensing may be occuring. 



8C 1827+652 (7C 1827+6517) 

Another FRII radio source 17 in size at PA 155°. This 
object is very close to several bright stars so has again been 
temporarily removed from the sample. 

4 COMMENTS ON INDIVIDUAL OBJECTS 
8C1743+645 

The identification given in Paper II ('a' in Fig. 2) closely 
coincides in position with the eastern radio hotspot. The 
//-band image (Fig. 2) reveals a faint red object coincident 
with the putative radio central component (Paper I) which 
is a much more likely identification. This galaxy is also just 
visible in i?-band (Fig. 3). Lensing of the East hotspot by the 
(presumably) foreground galaxy 'a' is likely to be occuring. 

8C1748+670 

There are two candidate identifications, the first one was 
listed in Paper II, but our WHT i?-band image (Fig. 3) 
also revealed a fainter object 1.4 arcsec closer to the radio 
central component whose position is given in Table 3. If real, 
this is the more likely identification. The revised position of 
the object discussed in Paper II is 17 48 12.95 +67 03 55.6 
(B1950), the old position was in error, presumably due to 
the low signahnoise of the detection. 
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Figure 2. Selected H-band observations of the sources in the 8C sample. The host galaxies arc indicated by cither a ring around the radio 
position of Paper 1, or, where there are several candidate identifications, by lettering. Candidate companion objects are also indicated 
by lettering in some cases. 



8C1754+643 

The identification given in Paper II is incorrect; the true 
identification is a faint, diffuse galaxy located between the 
radio hotspots, ringed in Fig. 3. 



8C1805+635 

The original identification of this object in Paper II was an 
R — 21.1 galaxy 3 arcsec from line joining the midpoint of 
the radio hotspots ('a' in Fig. 2). The spectroscopy of Paper 
IV shows that the true identification is on the axis, and that 
'a' is foreground, and possibly lensing the radio emission. 



8C1804+632 

As discussed further in Paper IV, despite the additional ra- 
dio imaging presented in Fig. 1, the nature of this radio 
source and its identification continues to elude us. The fairly 
compact source detected at 5GHz in Paper I now appears 
as just a part, perhaps a hotspot, of a larger, « 30" radio 
source in our 20cm map. Spectra taken through objects 'a', 
'F' and 'b' of Fig. 4 showed that all three were probably 
stars. The most likely identification at present is object 'c', 
which is unfortunately very close to star 'F'. Consequently 
the magnitude of this object is very uncertain, but we esti- 
mate R « 23.6 in a 2 diameter aperture. 



8C1814+670 

There is a 3<r detection of a possible identification, 4.5 arcsec 
NW from the mid-point of the radio hotspots (Fig. 3). 

8C1816+671 

Another new identification, faintly visible in both H (Fig. 
2) and R (Fig. 3). 

8C1821+643 

Better known as the quasar E1821+643, this object is one of 
the most luminous radio-quiet quasars (RQQ) known with 
z < 0.5, and thus has one of the brightest radio fluxes of an 
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Figure 3. New optical (R- or /-band) observations of sources in the 8C sample. The identification, or the best estimate of the radio 
source position where no identification exists, is indicated by the circle. The positions of the radio hotspots of 8C1742+637 are marked 
with stars. 



RQQ. The optical, X-ray and near-infrared properties of the 
quasar have been studied by Kolman et al. (1993, 1991). The 
long-term variability study of Kolman et al. (1993) shows 
that the optical and UV flux from the quasar declined be- 
tween 1987 and 1991; our //-band data is consistent with a 
decline from 1988 April 25, when Kolman et al. measured 
H = 12.19, to our observations in 1993 May 8 (H = 12.6), 



although due to the errors in the photometry this result 
should be considered tentative. 

4.1 8C1826+660 

A further radio image of this object (Fig. 1) was taken to 
search for any association of the three radio sources dis- 
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Table 4. _ff-band photometry of sources in the 8C sample 



1 " 1 1. 

- .. - <-> 









7 'J 





















~ i i 


1 I 



RIGHT ASCENSION (B1950) 



45 55 
17 42 4 



^ 1 1 X 




RIGHT ASCENSION (B1950) 



Figure 1. New radio observations of sources in the 8C sam- 
ple at 1.4 GHz: (a) 8C1804+632, (b) 8C1826+660 and (c) 
8C1742+637. Contours arc logarithmic, spaced by factors of two 
from ±lmjy/beam in (a) and (b), and by factors of \[2 from 0.3 
mjy/beam in (c). The restoring beam in (a) and (b) has FWHM 
17" X 13" at PA 35 dcg., that in (c) has FWHM 1.8" X 1.2" at PA 
50 dcg. The polarisation vectors in (c) are i?-ficld and scaled such 
that 1-arcsec is equivalent to 1.1 mjy/beam. Negative contours 
are shown dashed. 



cussed in Paper I. None was found, and henceforth they are 
treated as separate objects. A very faint identification has 
been found for 8C1826+660A (Fig. 3). 



Source 


H-magnitudc 


aperture 


R-H 






diameter 








/ arcsec 




8C1743+645 


18.8 


5 


4.7 


8C1745+642 


17.5 


6 


3.2 


object 'a' 


18.9 


5 


> 4.2 


object 'b' 


17.9 


5 


3.4 


8C1748+675a 


16.4 


8.2 


3.5 


8C1748+675b 


17.8 


6 


3.1 


8C1748+675c 


17.9 


6 


3.6 


oL.' ± / DO-hOoZ 


±0.0 




9 

Z.O 


8C1755+685B 


16.9 


6 


3.2 


8C1757+653 


> 19.4 


5 


- 


8C1803+661 


18.3 


7.1 


2.8 


obloUO+DoO 


\ Of) "7 

> zU. f 


O 




object 'a' 


1Q C 
±0.0 


A 


Z.O 


OuloU 1 -f-OoO 


1C C 

±D.O 


a 
D 


0. / 


8C1811+633 


16.2 


7.1 


3.1 


8C1815+682a 


17.8 


6 


3.3 


8C1815+682b 


19.6 


4.6 


1.7 


8C1815+682c 


17.1 


6 


3.8 


8C1815+682d 


17.0 


6 


3.0 


8C1815+682c 


17.9 


6 


3.8 


8C1815+682f 


17.7 


6 


3.7 


oUlOlO-fDoZg 


lo.o 


4.0 


Q /I 


0UI0ID + D l 1 


in n 

iy .u 


O 




8C1821+643 


12.6 


8 






10.0 


1 9 


9 Q 

z.y 


O ± OZO ~r 1 <A 


1 i .U 


O 


9 9 
z.z 


Ov^IOZUtUiJI u 


17.1 


5 


3.8 


8C1826+651c 


18.4 


5 


3.4 


8C1826+651d 


17.9 


5 


3.5 


8C1827+671 


18.5 


8.2 


2.6 


object 'a' 


18.3 


5 


3.8 


object 'b' 


17.1 


8.2 


3.1 


object 'c' 


19.2 


5 


>4.3 


object 'd' 


18.9 


5 


>4.6 



5 ANALYSIS 



5.1 The R — z relation 

In Fig. 5 we plot the R — z relation for the 8C galaxies and 
quasars. Although such diagrams as this and the more fa- 
mous K — z relation are somewhat "blunt instruments" for 
studying radio galaxy evolution, where a number of differ- 
ent effects may be contributing to the light as a function of 
redshift, they have some useful features which can be ex- 
ploited if they are used in conjunction with detailed studies 
of smaller samples of objects. 
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Table 5. Further optical photometry of sources in the 8C sample 











5 


- 


Source 


magnitude 


aperture 


R — I 




- 






diameter 






- 






/ arcsec 








8C 1743+645 


R = 23.5 


5 








8C 1748+670 


R = 24.2 


3 




4 




8C1753+664 


/ = 23.2 (3.0<r) 


5 


> 0.4 


EG 




8C1754+643 


/ = 21.3 


5 


> 1.3 


K 




8C1757+653 


I > 23.1 


5 








8C1814+670 


I = 24.0 (3.0a) 


2 


> -0.8 






8C1816+671 


I = 22.6 (3.7ct) 


5 


> 2.6 


3 




8C1826+660A 


R = 24.0 


2 









BC1804+632 




18 h 04 m 54 s 52 s 50 s 48 s 



R.A. (1950) 

Figure 4. Finding chart for 8C1804+632. The objects mentioned 
in the text are labelled and the positions of the presumed radio 
hotspots from Fig. 1 marked with stars. 

As expected, the scatter in the R— z relation is fairly 
low (with a few notable exceptions) until z w 0.6, where 
the 4000A break moves through the i?-band. Above this 
redshift there is a wide range in the amount of rest-frame 
UV light, as has been noted for the 3C sample (Lilly & 
Longair 1984), but generally the galaxies are less luminous 
than their 3C counterparts, consistent with the findings of 
Dunlop & Peacock (1993) for their PSR sample. 

Up to at least z — 1 there seems to be an upper envelope 
to the magnitudes which traces the expected locus of an old 
stellar population, consistent with the idea that in many 
objects the host galaxy is not strongly evolving out to these 
redshifts. The presence of a weak alignment effect in the 7C 
sample (Lacy et al. 1998a) suggests some of the light may 
be influenced by the presence of the radio galaxy, however, 
so deep spectroscopy of these objects is really needed to 
confirm this. 

Six objects have no redshift information, and are plot- 
ted as open squares at the top left of Fig. 5 with ar- 
bitary redshifts. Their most likely redshifts are in the range 
z = 1.2 — 1.8 where no strong emission lines fall in the op- 
tical. They mostly have faint optical magnitudes and so do 
not affect the discussion below. 

There is one interesting low-2 outlier on this plot. 
8C1743+637 (R = 21.3; z = 0.324) is in the cluster A2280, 
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Figure 6. R — H versus redshift for a subset of the 8C sample. 
The objects plotted are those radio source identifications with 
R — ff-band colours in Table 4 and redshifts in Paper IV. Crosses 
represent narrow-line radio galaxies and filled circles broad-line 
radio galaxies. The dotted line represents the non-evolving lGyr 
starburst model of Fig. 5. 

close to 8C1742+637, but was originally thought to be be- 
hind it from the point of view of both the radio structure 
(which is more FRII-like than FRI-like) and its magnitude 
(Paper II) . It is possible that emission from a cluster galaxy 
is contaminating our spectrum, however. 

5.2 R — H colours 

Fig. 6 shows the R — H colours for the sample. The low 
redshift objects cluster around the no evolution prediction 
fairly well. There are two very red objects, 8C1743+645 with 
R- H = 4.7, but an unknown redshift, and 8C1816+671 
with R — H > 5 which has a (tentative) redshift of 0.92 based 
on a single weak emission line (Paper IV). Presumably these 
are both z t 1 objects with little blue light. 

5.3 Discussion 

A remarkable property of the radio galaxies out to at least 
z « 0.6 is their "standard candle" nature over a wide range 
in radio luminosities, illustrated here in Fig. 5 and also 
present in other low radio luminosity, moderate redshift 
samples (e.g. Rixon, Wall & Benn 1991). This has interesting 
implications for our understanding of what determines ra- 
dio luminosity. To relate radio luminosity to the mass of the 
black hole, one could assume that radio jet power scales with 
accretion power and therefore with black hole mass in the 
Eddington limit; thus one might expect less radio-luminous 
galaxies to have less massive black holes. Correlations be- 
tween black hole mass and the mass of spheroidal com- 
ponents in nearby galaxies (Kormendy & Richstone 1995, 
Magorrian et al. 1998), however, suggest that the small dis- 
persion in host galaxy luminosities tranlates to a small dis- 
persion in black hole mass. Two possible explanations which 
would allow similar black hole masses to produce a wide 
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Figure 5. The R — z relation for the radio sources in the 8C sample, and the z > 0.03 objects from the mostly 3C low-z sample of 
Owen & Laing (1989). The magnitudes have been corrected to a standard metric aperture of 63.9 kpc according to the prescription of 
Ealcs et al. (1997). In the few cases where only an /-band magnitude has been measured (Table 5) an R — I of 0.5, appropriate for a 
fiat (in f\) spectrum has been assumed. The 8C objects are plotted as follows: solid squares represent narrow-line FRII radio galaxies, 
solid circles broad-line radio galaxies or quasars, and crosses represent FRI radio galaxies. The Owen & Laing sample has been plotted 
as triangles (FRII sources) or 3-pointed crosses (FRI sources). The cluster of open squares in the top left of the diagram represent 8C 
sources for which no redshift has been obtained, in these cases an aperture correction appropriate to z = 1 has been made. The vertical 
dashed line is at z = 0.6 where the 4000A break is in the middle of the ij-band. The dotted line is the expected R — z relation for a 
non-evolving galaxy formed in a single burst at z = 20 (using k-corrections from the Guidcrdoni & Rocca-Volmcrangc galaxy models). 
The long-dashed line is the R-band magnitude expected from a star formation rate of 65MQyr _1 (see text). The solid line is the R — z 
relation for 3C radio galaxies from Eales (1985). 



range of radio luminosities are: (1) the radio jet power is 
constant for black holes of a given mass, and what deter- 
mines the radio luminosity is the environmental density into 
which the jets propagate (Barthel & Arnaud 1996); or (2) 
the radio jet power is determined by a factor which operates 
within the "central engine" region of galaxies with only the 
most massive black holes and which has to be linked in some 
way to the accretion power to produce the radio-luminosity 
- emission-line luminosity correlation over a wide range in 
accretion rates (Willott et al. 1999). The lack of a strong cor- 
relation between radio luminosity and environment (Hill & 
Lilly 1991) and the correlation of radio-loud quasar optical 
and radio luminosities found by Serjeant et al. (1998) and 



Willott et al. (1998) both argue that the dominant factor 
in determining the radio luminosity is jet power, although 
environmental effects may of course play a secondary role. 

The excess blue light above that expected from a non- 
evolving elliptical seen in many objects at z > 2 could clearly 
have a number of origins, including ones associated with 
nuclear activity such as scattered quasar light and nebular 
continuum emission, but star formation is also a likely con- 
tributor. Indeed, if, as widely believed, radio galaxy hosts 
are giant ellipticals or their progenitors at all redshifts, then 
one can estimate the amount of UV light expected from star 
formation if radio galaxies form all their w 3 x 10 u Mq of 
stars in a single burst starting at z — oo and finishing at 
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2 = 1. This is plotted on Fig. 5 as the long-dashed line, as- 
suming a Scalo (1986) initial mass function. The average star 
formation rate, 65Meyr~ 1 is high enough that unobscured 
star formation at or above this rate should be easily detected 
in our z ~ 2 objects. The fact that they all lie close to or 
fainter than this line could be attributed to several causes: 

(1) obscuration by dust may be extinguishing the UV light, 

(2) the star-forming episodes are of short duration, (3) the 
star- forming episodes occur mostly at very high redshift, (4) 
the star formation occurs in small sub-units before the radio 
galaxy host assembles, or (5) the cosmology is significantly 
different from Einstein - de Sitter. 

Hughes and collaborators are performing a SCUBA- 
based submm survey of high redshift radio galaxies from 
the 3C and 6C (Eales 1985) surveys which should help to 
address point (1) (e.g. Hughes & Dunlop 1998; Hughes et 
al. 1998). Current limits on star formation rates are about 
an order of magnitude higher than 65M0yr _1 . Neverthe- 



less, several detections of 2 



4.3 galaxies have already 



been made at this level. In addition Best et al. (1998) have 
reported a probable detection of the z = 1.2 radio galaxy 
3C324. These detections, however, may only be upper lim- 
its too, in the sense that much of the FIR emission could 
be coming from dust heated by the AGN rather than from 
a starburst. The large dust masses involved, though, sug- 
gest at the very least that a large amount of star formation 
must have taken place in these objects by the time they are 
observed. 

Possibility (2) can probably be ruled out unless the star- 
bursts occur systematically before the formation of the radio 
source. Even so, such very bright starbursts should be easily 
detected in the IR/submm (if they are dusty) or in optical 
narrow-band searches if not. 

Support for (3) or (4), very high redshift star formation 
either coherently or in small subunits which subsequently 
merge, comes from the studies of the old stellar populations 
in the radio galaxies 3C65 (z = 1.2; Lacy et al. 1995b; Stock- 
ton et al. 1995) and 53W091 (z = 1.55, Dunlop et al. 1996). 
The old stellar populations seen in some radio galaxies con- 
trast with the studies of Zepf (1997) and Barger et al. (1999) 
who find relatively low numbers of very red galaxies in opti- 
cal/infrared studies of the Hubble Deep Field (HDF) and its 
flanking fields. These show that only ~ 50 per cent of field 
ellipticals are in place by z = 1, and that the remainder 
probably formed at z ~ 3. The relatively high UV lumi- 
nosity density produced by z ~ 4 Lyman-dropout galaxies 
found by Steidel et al. (1998), however, points to the possi- 
bility that at least some galaxies formed at higher redshifts. 
[Dust-obscured starbursts may affect this picture if they are 
important contributors to the star formation process in ellip- 
ticals, but currently this is uncertain (e.g. Trentham, Blain 
& Goldader 1998).] 

A possible explanation for the apparent discrepancy be- 
tween the ages of some radio galaxies and the field ellipti- 
cals is that giant elliptical galaxies formed earlier than nor- 
mal ~ L, elliptical galaxies. This would be broadly con- 
sistent with an extrapolation of a trend deduced by Cowie 
et al. (1996) for more massive galaxies to have their major 
episodes of star formation at earlier epochs. If the oldest 
galaxies are the super-L* population, they will be rare in 
the relatively small area field surveys made to date. 

Explanation (5), an incorrect cosmology, remains possi- 



ble. For example an S7m = 0.5, Ha = 0.5 cosmology with the 
same value of Hq only requires a minimum star formation 
rate of « 5OM0yr _1 to form all the stars by z = 1, and 
the emission will also appear fainter at a given redshift due 
to the higher luminosity distance. These combine to make 
the _R-magnitude for a z — 2 galaxy forming stars at the 
minimum rate 0.8 mag fainter, for example. 

The lack of UV emission also argues somewhat against 
jet-induced star formation being an important contributor 
to the star formation process of the galaxy as a whole, at 
least at z ~ 3. If it were, one would expect all radio galax- 
ies to show large amounts of UV and/or submm emission. 
It remains possible though that an initial episode of star 
formation activity could be triggered by an early outburst 
of radio jet activity at high redshift, and that subsequent 
episodes of radio jet activity would produce more modest 
starbursts, consistent with the relatively low limits on the 
unobscured star formation rates we infer for the 8C radio 
galaxies. 
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